The liquid/liquid interface is a specific reaction field at which interfacial adsorbates can behave in different manners from those in bulk phases. 1 While the liquid/liquid interface is considered as a model of a biomembrane, it is quite difficult to measure the optical activity of the interface, which is the most important property of biomolecules and biomembrane. There had been no reports about the measurement of optical activity at the liquid/liquid interface. Recently, the second harmonic generation-circular dichroism (SHG-CD) has been developed in our laboratory to measure the optical activity at liquid/liquid interfaces, taking advantage of the remarkable interfacial selectivity of SHG. 2 In the present study, we propose a conventional and reliable method to measure the CD spectra at a liquid/liquid interface.
The centrifugal liquid membrane (CLM) method, which can provide the thin two-phase liquid membrane system in a rotating cell, has been used to measure in situ interfacial spectra such as UV/Vis, 3 fluorescence 4 and Raman spectra. 5 In the present study, we have succeeded in measuring the circular dichroism spectra at the liquid/liquid interface applying the CLM method in combination with a conventional circular dichroism spectropolarimetry.
Porphyrins play important roles in biological systems and spectroscopic studies on their optical activity have been done extensively. 6 Ohno et al. reported that a water-soluble porphyrin, tetrakis(4-sulfonatophenyl)porphyrin (H2TPPS 4-), did not show optical activity itself, but its J-aggregate, formed in an acidic aqueous solution or in a high ionic-strength solution, showed an optical activity suggesting an exciton coupling of the porphyrin dipoles. 7 Porphyrin aggregates in bulk solutions have been characterized by CD, 8, 9 XRD, 9 AFM, 9-11 Raman 12 and other spectroscopy. 13 However, no report has considered the liquid-liquid interface. In the present study, we used tetraphenylporphyrin (H2TPP) as a hydrophobic porphyrin to demonstrate the advantage of CLM-CD method, since H2TPP formed its J-aggregate after the diprotonation at the toluene/sulfuric acid interface 14, 15 and the J-aggregate was expected to exhibit the optical activity similar to that of H2TPPS 4-.
Experimental
5,10,15,20-Tetraphenylporphyrin (H2TPP) purchased from Aldrich was used without purification and dissolved in toluene at the concentration of 4.0 × 10 -5 M. Moreover, it was diluted to 1.0 × 10 -5 M when used in the CLM experiment. Toluene (Nakarai Tesque, G.R.) was purified by distillation after the treatment with a mixture of fuming sulfuric acid and sulfuric acid. Sulfuric acid (Nakarai Tesque, G.R.) for the CD experiments was diluted to the concentration of 4 M. The aqueous solutions were prepared with water distilled and deionized through a Milli-Q system (Millipore, Milli-Q SP. TOC.).
CD spectra were measured with a CLM cell installed in a CD spectropolarimeter (JASCO, J-820) (Fig. 1) . The CLM cell, whose height and outer diameter were 3.3 and 2.1 cm, respectively, was fixed horizontally in the sample chamber of the circular dichroism spectropolarimeter. 4 M H2SO4 (0.500 cm 3 ) and toluene (0.300 cm 3 , blank) were put into the cylindrical cell through a sample inlet hole of 2 mm in diameter at the bottom of the cylindrical cell. Then, the cylindrical cell was rotated at about 7000 rpm by a high-speed motor (Nakanishi Inc., NK-260) fixed on an XZ-stage with a speed controller (Nakanishi Inc., NE-22E). The toluene phase was spread as an inner liquid membrane and the aqueous phase as an outer liquid membrane by centrifugal force under the rotating condition. The shape of the cross section of the light beam of the spectropolarimeter was controlled by a round hole slit with the diameter of 9 mm, to adjust the light beam center to the center of the liquid membrane cell. The sum of the CD spectra The direct measurement of the circular dichroism (CD) spectra of liquid/liquid interface has been achieved for the first time by the centrifugal liquid membrane (CLM) method combined with a conventional CD spectropolarimetry. In the sample chamber of the CD spectropolarimeter, a cylindrical glass cell containing small amounts of organic and aqueous phases was rotated at ca. 7000 rpm to generate a two-phase liquid membrane with a high specific interfacial area. The CD spectra of the J-aggregate of protonated 5,10,15,20-tetraphenylporphyrin formed at the toluene/sulfuric acid interface in the rotating cell have been measured. The results demonstrated the novelty and advantages of this method. of the interface, the bulk organic phase and the bulk aqueous phase can be measured by this method. After the blank was measured, H2TPP toluene solution (0.100 cm 3 ) was injected rapidly by a micro-syringe from the hole at the bottom of the cell to initiate the protonation of H2TPP and the aggregation of H4TPP
2+
. Absorption spectra of the interface were also measured by the CLM cell with a photodiode array spectrophotometer (Agilent Technologies, Agilent 8453), in the same manner as used in the previous studies. 16, 17 All measurements were carried out at 298 ± 2 K.
Results and Discussion
UV-Vis absorption spectra of the J-aggregate of H4TPP 2+ adsorbed at the toluene/4 M H2SO4 interface and H2TPP monomer in the bulk toluene solution are shown in Fig. 2 . H2TPP monomer in toluene showed the Soret band at 419 nm and a Q band around 515 nm (Fig. 3(a) ). Two red shifted bands of 473 nm and 720 nm in Fig. 2(a) were assigned to the Jaggregate of H4TPP 2+ formed at the interface. It took about 5 min for the completion of the formation of the J-aggregate after the addition of H2TPP toluene solution. The interfacial adsorption equilibrium in the toluene-4 M H2SO4 system can be represented by 3, 14 H2TPPo + 2H + / H4TPP 2+ i
(1)
where the subscript i shows the species adsorbed at the interface. The monomer of the protonated H2TPP (H4TPP 2+ ), whose absorption maximum is at 438.0 nm, was not clearly noted in Fig. 2(a) , because most of it formed the aggregate by reaction (2) under the present H2TPP concentration. Figure 2(b) shows the CD spectrum of the interfacial aggregate of H4TPP 2+ . We observed the bisignate circular dichroism band, which has typical characteristics of the exciton coupling, centered at 473 nm; this corresponds to the absorption maximum wavelength of the J-aggregate. The CD signal in the J-band reached its maximum value after about 5 min, as the absorbance at 473 nm did. These results indicated that the observed optical activity was assigned to the J-aggregate formed at the interface. The measurement of CD spectrum has also been done for the no-aggregate system of 1.0 × 10 -5 M H2TPP toluene/water. However, it did not give any signal in CD spectrum as shown in Fig. 3(b) . Therefore, it was confirmed that the bulk H2TPP monomer in toluene had no chirality and only the interfacial aggregate exhibited the chirality. In the case of tetrakis(4-sulfonatophenyl)porphyrin, the exciton-coupled circular dichroism of the J-aggregate has been assigned to the helical alignment of H4TPPS 2-in J-aggregate. 7 It can be thought that H4TPP 2+ in its J-aggregate has similar helical alignment. Ohno et al. assigned the CD dispersions at 491 nm and 420 nm of the J-aggregate of H4TPPS 2-to the transition dipoles of long axis of rod-shaped J-aggregate of H4TPPS 2-and to the short axis perpendicularly to the long axis, respectively. 7 Therefore, the bisignate CD band of H4TPP 2+ aggregate centered at 473 nm may be ascribed to the linear oscillator transitions polarized in the long axis of the Jaggregate. The CD band centered at 412.5 nm shown in Fig.  2 (a) may correspond to the electric transition of short axis of H4TPP 2+ in the J-aggregate, provided that the difference between the CD bands for the long and short axes of the Jaggregates of H4TPP 2+ is similar for that of H4TPPS 2-. The CD signal at 412.5 nm of the H4TPP 2+ aggregate showed only the positive part. Optically inactive H2TPP monomer in toluene, having the Soret band at 419 nm, gives neither CD signals in the measurements using an ordinary quartz cell nor CLM cell. Hence, the free H2TPP monomer in toluene can never affect the CD band at 412.5 nm. Further studies are required to clarify the origin of the interfacial CD band at 412.5 nm. We also observed the CD signal in the Q band region. In the wavelength region, the CD signal was broader and weaker than that for the Soret band.
In conclusion, the CD spectra of the interfacially adsorbed species were successfully measured by the use of CLM method with a conventional CD spectropolarimeter. The circular dichroism of the J-aggregate of H4TPP 2+ formed at the toluene/sulfuric acid could be observed directly. Its CD spectrum suggested a rod-like shape of H4TPP 2+ J-aggregate twisted in one direction. This method can be applied to any optical active species adsorbed at liquid/liquid interfaces. Especially, it will become a promising tool for the study of enzymatic reactions of protein at the liquid/liquid interface. 
